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Abstract
This study investigates the effect of different smolt production strategies on vertebral morphology (radiology), composition 
(mineral content) and mechanical strength (load-deformation testing) in Atlantic salmon (Salmo salar). Rapid-growing underyearling 
(0+) smolt were compared with slower-growing yearling (1+) smolt and a reference group of wild smolt (w). The underyearling and 
yearling smolt were transferred to seawater in October 2002 and May 2003, respectively. The underyearling smolt were reared under 
continuous light and the yearling smolt under natural light during the first twelve weeks in seawater, at ambient temperatures. Thus, 
the underyearling smolt hit seawater at 13 °C and were reared at 10-13 °C during the early seawater phase, whereas the yearling smolt 
hit seawater at 7 °C and were reared at 7-10 °C during the early seawater phase. All groups displayed increased longitudinal growth 
(up to 9% increase in relative length) of the caudal vertebrae during parr-smolt transformation. However, at transfer to seawater, the 
underyearling smolt had significantly lower vertebral mineral content (0+ 44%, 1+ 47%, w 50%) and higher incidence of deformed 
vertebrae (0+ 1.5%, 1+ 0%, w 0%), and at twelve weeks after transfer to seawater significantly lower vertebral mineral content (0+ 
36%, 1+41%, w 43%), yield-load (0+6492 g, 1+8797 g, w 9150 g) and stiffness (0+7578 g/mm, 1+ 15,161 g/mm, w 20,523 g/mm), 
and significantly higher incidence of deformed vertebrae (0+ 2.5%, 1+ 0.3%, w 0%). There was a significant correlation between the 
mineral content and mechanical properties of the vertebrae. The underyearling smolt had significantly elevated plasma concentrations 
of total Ca, and P and Ca2+ during the parr-smolt transformation and in the early seawater phase.
The results show that underyearling smolt may have an increased risk of developing vertebral deformities. It is possible that this 
risk can be reduced by postponing the start of the short-day treatment. This will reduce the temperature during smoltification, the 
temperature and daylength during the early seawater phase, and increase the age at smoltification.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Atlantic salmon; Smoltification; Vertebrae; Vertebral column; Deformities; Underyearling smolt; Yearling smolt; Mineralisation; 
Mechanical properties; Plasma minerals
1. Introduction
During the parr-smolt transformation the Atlantic 
salmon changes from a bottom-dwelling parr to a smolt
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adapted to a pelagic life in the sea (Folmar and Dickhoff, 
1980; Hoar, 1988). This transformation involves down­
stream swimming (Lundqvist and Eriksson, 1985), de­
velopment of hypo-osmoregulatory ability (Johnston 
and Saunders, 1981; McCormick etal., 1987), silvering 
of the body (Johnston and Eales, 1967) and development 
of a more streamlined body (Farmer et al., 1978). In coho 
salmon (Oncorhynchus kisutch), the change in body 
shape during parr-smolt transformation is related to 
differential growth, primarily in the caudal part of the 
fish (Winans and Nishioka, 1987). The anatomical basis 
for the change in body shape has, however, not been 
elucidated. Seasonal changes in photoperiod are the most 
important environmental cue for parr-smolt transforma­
tion (Hoar, 1988; Saunders et al., 1994), which takes 
place during the spring.
In commercial smolt production, artificial photoper­
iods and elevated temperatures are employed for off­
season smolt production. At start-feeding in the spring, 
salmon fry are exposed to continuous light (Berg et al., 
1992) and elevated water temperatures (Siemien and 
Carline, 1991) in order to stimulate growth. Later, the 
parr are exposed to one of the two alternative photo­
periods, which are used to produce either underyearling 
or yearling smolt. At a length of 10 cm the underyearling 
smolt are subjected to a reduction in day length (nor­
mally 12 h) for six weeks (‘winter’), followed by con­
tinuous light for six weeks (‘spring’). The fish are then 
transferred to seawater in the autumn of the same year of 
hatching. Meanwhile, the yearling smolt are subjected to 
a natural photoperiod some time between midsummer 
and late October and transferred to seawater the follow­
ing spring (Duston and Saunders, 1995; Duncan and 
Bromage, 1998; Duncan et al., 1998; Hansen et al., 
1999). Thus, the underyearling smolt are reared at higher 
temperatures than yearling smolt both during parr-smolt 
transformation and the early seawater phase. Further­
more, the underyearling smolt are often reared at contin­
uous light after transfer to seawater to enhance growth 
(Oppedal et al., 1999), whereas yearling smolt are al­
ways reared at natural light at this stage of the production 
cycle. Thus, underyearling smolt grow more rapidly than 
yearling smolt both during smoltification and the early 
seawater phase (Lysfjord et al., 2004). This may affect 
the mineralisation of vertebral bone, which is a slow 
process that takes place secondly to the deposition of 
matrix proteins (Meunier, 2002). Field studies have 
shown that there is a higher incidence of vertebral defor­
mities among underyearling than yearling smolt at har­
vest (Djupvik, 2005), and the most common deformity is 
vertebral compression (Berg et al., 2006; Witten et al., 
2005). Whether this may be related to a low mineral
content and mechanical strength of the vertebrae remains 
to be elucidated. Furthermore, the influence of smolt 
production strategy on plasma concentration of phos­
phorous and calcium, which are the main constituents of 
the mineral fraction of the bone (Meunier, 2002), has not 
been studied. The objectives of the present study were 
therefore to study the effect of smolt production strategy 
on the growth, mineralisation and mechanical strength of 
the vertebrae, and on the plasma concentrations of 
calcium and phosphorous. Underyearling and yearling 
smolt reared under ambient temperatures and continuous 
and natural light during the early seawater phase, 
respectively, were compared.
2. Materials and methods
2.1. Experimental design
On July 19, 2002, 660 Atlantic salmon (Salmo salar 
L.) parr with a mean weight of 17.7 g, were randomly 
allocated to six square grey, covered, fibreglass tanks 
(1x1 x0.25 m) at the Institute of Marine Research, Matre 
(60° N, 5° E, Western Norway). Three tanks were 
subjected to 12 h of light and 12 h of dark for six weeks, 
followed by continuous light exposure (underyearling 
smolt), while three tanks received continuous light until 
October 1, followed by a simulated natural photoperiod 
(yearling smolt). The fish were from the Aquagen strain 
and had been reared at continuous light from start feeding 
(March 15) until the start of the experiment and heated 
water (12 °C) from start feeding until June. Temperature 
profiles and photoperiods are shown in Fig. 1A-B.
The underyearling smolt were transferred to seawater 
tanks on October 23, 2002, while the yearling smolt 
were transferred on May 8, 2003. Both experimental 
groups were terminated twelve weeks after transfer to 
seawater, respectively, i.e. underyearling smolt on Jan. 7 
and yearling smolt on July 29, 2003.
For illumination, two 18W fluorescent daylight tubes 
were employed to produce 960 lx measured under water 
at the centre of the tank. The light was controlled by 
automatic timers. The fish were fed using a commercial 
diet (Bio-optimal® dry feed, BioMar AS, Trondheim, 
Norway). Water flow was kept above 2.5 l per minute per 
kilo fish, and during the freshwater phase freshwater was 
mixed with seawater to approximately 1 ppt. The oxygen 
saturation of the outlet water was kept above 70%.
A reference group of wild salmon were caught by 
trawl in mid-May (n = 15, 59° N, Western Norway, 
median three years old) and early August 2001 (n = 6, 
68° N, Northern Norway, median two years old). The 
wild salmon from May were smolt caught outside the
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Fig. 1. Photoperiod (A) and temperature (B) during the experimental period for underyearling and yearling smolt. Arrows indicate seawater transfer of 
the underyearling (23.10.02) and yearling (08.05.03) smolt.
outlet of river Etne, and had just entered seawater. The 
wild salmon from August were post-smolt caught at sea 
during their first summer at sea approximately twelve 
months after migration to saltwater. The age was deter­
mined by measuring growth marks in otoliths.
2.2. Sampling
The study comprised nine samplings. The first sam­
pling was carried out on July 19, 2002, and the under­
yearling and yearling smolt were subsequently sampled 
six weeks before transfer, at transfer, and six and twelve 
weeks after transfer to seawater, respectively. Thus, the 
underyearling smolt were sampled between September 
2002 and January 2003, and the yearling smolt between 
March and July 2003.
At each sampling, 15 fish (five per tank) were sampled. 
The fish were anaesthetised with benzocaine (Sigma- 
Aldrich Norway AS, Oslo, Norway) and the fork length 
(length from snout tip to tail fin indentation) and body 
weight of the fish was recorded. A blood sample was 
taken from the caudal vessels with a heparinised tuber­
culin syringe fitted with a 23 gauge needle. Plasma and 
cells were separated by centrifugation and the plasma was 
stored at -  80 °C until analysis. The vertebral columns 
were then dissected and lateral radiographs were taken to 
assess the morphology of the vertebral bodies and the 
incidence of deformed vertebrae. A further 30 fish (10 per 
tank) were anaesthetised at transfer and at twelve weeks 
after transfer and 15 fish (5 per tank) six weeks before and 
six weeks after transfer to seawater for measurement of 
fork length and body weight.
Underyearling smolt with fork lengths within a tight 
range sampled at transfer to seawater (18.9 cm±0.25 S.E., 
n =6) and twelve weeks after transfer (25.7 cm±0.16 S.E., 
n = 6) were selected to test the correlations between the 
mechanical properties and mineral content of the 
vertebral bodies within these samplings. Fish with fork 
lengths within a tight range from the underyearling 
(29.0 cm±0.82 S.E., n = 6) and yearling smolt (28.9 cm± 
0.94 S.E., n = 6) sampled twelve weeks after transfer to 
seawater, and wild post-smolt (29.0 cm±1.26 S.E., 
n = 6) sampled during their first summer at sea (August 
2001) were selected for testing of the mechanical
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properties and mineral content of the vertebral bodies. In 
addition, underyearling (18.9 cm±0.25 S.E., n = 6) and 
yearling (22.6 cm±0.21 S.E., n = 6) smolt sampled at 
transfer to seawater and newly migrated (May 2001) 
wild smolt (13.9 ±0.33 S.E., n = 6) were used to measure 
the mineral content of the vertebral bodies at this stage of 
development.
2.3. Radiography and vertebral morphometry
Radiographs were made using a portable X-ray 
apparatus (HI-Ray 100, Eickenmeyer Medizintechnik 
für Tierärzte e.K., Tuttlingen, Germany) and 30 x 40 cm 
film (AGFA D4 DW ETE). The film was exposed twice 
for 50 mA s and 72 kV, and developed using a manual 
developer (Cofar Cemat C56D) with Kodak Profession­
al manual fixer and developer. The pictures were 
digitalised using an A3 positive scanner, and vertebral 
length and dorso-ventral diameter were measured by 
means of image analysing software (Image-Pro Plus, 
version 4.0).
The vertebral column was divided into four main 
regions based on Kacem et al. (1998): region 1 (cranial 
trunk), comprising vertebra (V) 1 ^  V8; region 2 (caudal 
trunk), comprising V9 ^  V30; region 3 (tail), compris­
ing V31 ^  V49 and region 4 (tail fin), comprising 
V50 ^  V58.
2.4. Mechanical testing o f  the vertebrae
Vertebrae numbers 1-58 were dissected, the neural 
and haemal arches were removed, and the amphicoelus
Fig. 2. Fish growth (mean±S.E.). (A, B, C, D, E) Changes in length (A), weight (B), condition factor (C), length growth (D) and weight gain (E) in 
underyearling (week — 6 and +6: n =30; 10 per tank, week 0 and + 12: n=45; 15 per tank) and yearling (week — 6 and +6: n =30; 10 per tank, week 0 
and + 12: n =45; 15 per tank) smolt during smoltification and the early seawater phase. Length growth (mm/day) and weight gain (SGR) are based on 
the mean per tank (n = 3). denotes significant differences between groups within a sampling.
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centra were used for mechanical testing and measurement 
of mineral content. The vertebrae were compressed in the 
cranial-caudal direction using a texture analyser (TA- 
XT2 Texture Analyser, Stable Micro Systems, Haslemere, 
UK) with a steadily advancing piston (6 mm/min). The 
resulting load-deformation data were continuously 
recorded, and the stiffness and yield-load were calculated 
for each vertebra according to Fjelldal et al. (2004).
Vertebra number 1 was excluded from further analyses of 
mechanical properties.
2.5. Mineral content
After mechanical testing, the vertebrae within each 
vertebral region (see above), of each fish were pooled, 
defatted in hexane baths, dried overnight at 90 °C, and
Fig. 3. Vertebral (V) length (% of total vertebral body length, i.e. £  V1-V58) (mean±S.E.) in different regions of the vertebral column: R1 (cranial 
trunk, V1 ^  V8), R2 (caudal trunk, V9 ^  V30), R3 (tail, V31 ^  V49) and R4 (tail fin, V50 ^  V58). (A) Wild salmon sampled immediately after 
migration to seawater (May, n =15) and during their first summer at sea (August, n =6). (B) Underyearling (n = 15; 5 per tank) and (C) yearling smolt 
(n = 15; 5 per tank) sampled on 19th July 2002 (Parr), and then six weeks before and six weeks after transfer to seawater. Different lower-case letters 
and denote significant differences between samplings within a vertebral region.
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then incinerated for 13.5 h in a muffle furnace (115 °C 
for 0.5 h, 540 °C for 5 h, and 750 °C for 8 h). The dry 
and ash (mineral) weights of each vertebral region were 
weighed to within 1x10 2 mg. The mineral content of 
each vertebral region was calculated as percent mineral 
weight of dry weight.
Mineral content: (mineral weight/dry weight) *100
2.6. Plasma analysis
Plasma Ca2+ was determined with a Stat Profile® 
pHOx® Plus L Analyser (Nova Biomedical). Total 
plasma Ca and P concentrations were analysed by means 
of inductively coupled plasma optical emission spec­
trometry (ICP-OES; Spectroflame, SpectroAnalytical 
Instruments, Germany).
2.7. Statistics
The condition factor (K) was calculated using: K = 
(WL-3)100, where W was the live body weight (g) and L 
was the fork length (cm). Specific growth rate was cal­
culated using: SGR=(eO -1)100, where O= (ln(X2) -  ln 
(Xl))/(t2 - 11), X2 and X 1 were the body weights at times t2 
and t1.
Results are presented as means± standard error (S.E.). 
Data were analysed using Statistica® (version 6.1, 
Statsoft, Tulsa, U.S.A.). Differences in length, weight,
condition factor, length growth and weight gain within 
each sampling were tested by one-way ANOVA. Differ­
ences in vertebral body average lengths within each 
vertebral region were tested by one-way ANOVA, fol­
lowed by a Newman-Keuls test. Statistical analyses of 
the vertebral body average lengths are based on the mean 
value per vertebral region per individual. Differences in 
the vertebral length/dorso-ventral diameter ratio, and the 
mechanical properties and mineral content of the verte­
brae were tested by two-way ANOVA, followed by a 
Newman-Keuls test. Differences in the plasma concen­
trations of Ca, Ca2+ and P were tested by two-way 
ANOVA, followed by a Newman-Keuls test. Differ­
ences in the incidence of deformed vertebrae were tested 
by Fisher Exact 2x2 test. A P  value<0.05 was taken to 
indicate statistical significance.
3. Results
3.1. Somatic growth
The yearling smolt were significantly longer (Fig. 2A) 
and heavier (Fig. 2B) than the underyearling smolt six 
weeks before transfer and at transfer to seawater, and had 
a significantly lower condition factor than the under­
yearling smolt six weeks before, at transfer and six weeks 
after transfer to seawater (Fig. 2C).
The underyearling smolt had a significantly faster 
growth in length (Fig. 2D) and higher weight gain
Fig. 4. Vertebral body proportions (measured vertebral length/dorso-ventral diameter ratio, mean±S.E.) in wild post-smolt sampled during their first 
summer at sea (August, n = 6), and underyearling (n = 15; 5 per tank) and yearling (n =15; 5 per tank) smolt sampled twelve weeks after transfer to 
seawater.
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(Fig. 2E) than the yearling smolt during the last six 
weeks in freshwater and the first six weeks in saltwater.
3.2. Growth o f the vertebral column
During parr-smolt transformation, there were sig­
nificant changes in the average lengths of the vertebral 
bodies along the vertebral column in wild, under­
yearling and yearling smolt (Fig. 3A-C). In wild 
salmon, vertebral region 4 accounted for a significantly 
higher proportion of the total vertebral length in post­
smolt caught during their first summer at sea (August)
than in newly migrated smolt (May; Fig. 3A). In 
underyearling and yearling smolt, vertebral regions 3 
and 4 accounted for a significantly higher proportion of 
the total vertebral length in fish sampled six weeks 
before transfer to seawater than in parr (sampled on July 
19, 2002), and also in fish sampled six weeks after than 
in fish sampled six weeks before transfer to seawater 
(Fig. 3B,C). In underyearling and yearling smolt, fish 
sampled at transfer to seawater (results not shown) had 
average vertebral lengths between those of fish sampled 
six weeks before and six weeks after transfer to 
seawater, and fish sampled 12 weeks after transfer to
Fig. 5. Mineral content (as % of bone dry weight, mean±S.E.) of vertebral (V) bodies from different regions (R) of the vertebral column: R1 (cranial 
trunk, V1 ^  V8), R2 (caudal trunk, V9 ^  V30), R3 (tail, V31 ^  V49) and R4 (tail fin, V50 ^  V58). (A) Newly migrated wild smolt (May, n = 6), and 
underyearling (n = 6) and yearling smolt (n = 6) sampled at transfer to seawater. (B) Wild post-smolt sampled during their first summer at sea (August, 
n = 6), and underyearling (n = 6) and yearling smolt (n=6) sampled twelve weeks after transfer to seawater. Different lower-case letters denote 
significant differences between groups within a vertebral region.
722 PO. Fjelldal et al. /Aquaculture 261 (2006) 715-728
seawater (results not shown) had similar average 
lengths to those of fish sampled six weeks after transfer 
to seawater.
3.3. Dimensional proportions o f  the vertebrae
The ratio between the length of the vertebrae and its 
dorso-ventral diameter was significantly higher in wild 
post-smolt sampled during their first summer at sea 
(August) than in underyearling and yearling smolt sam­
pled 12 weeks after transfer to seawater, and also signif­
icantly higher in yearling than in underyearling smolt 
(Fig. 4).
3.4. Mineral content o f  the vertebrae
Yearling smolt had a significantly higher mineral 
content than underyearling smolt in all vertebral regions, 
both at transfer and 12 weeks after transfer to seawater 
(Fig. 5A,B). Furthermore, newly migrated wild smolt had
Fig. 6. Mechanical properties (mean±S.E.) of vertebral bodies (V1 ^  V58) from wild post-smolt sampled during their first summer at sea 
(August, n = 6), and underyearling (n = 6) and yearling smolt (n = 6) sampled twelve weeks after transfer to seawater. (A) Stiffness and (B) yield­
load.
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Table 1
Correlations between fork length (FL), and the mechanical properties 
(yield-load, Y (g) and stiffness, S (g/mm)) and mineral content (MC) 
of vertebrae (V) in vertebral regions (R) 2 (V9 ^ V 3 0 )  and 3 
(V31 ^  V49) in underyearling smolt sampled at transfer, and twelve 
weeks after transfer to seawater
Weeks after seawater transfer R
Variables 
X  Y r P value n
0 2 FL Y -  0.145 0.098 132
0 2 FL S -  0.267 < 0.05 132
0 2 MC Y 0.331 < 0.0001 132
0 2 MC S 0.493 <0.0001 132
0 3 FL Y -  0.292 <0.05 111
0 3 FL S -0.272 <0.05 111
0 3 MC Y 0.439 <0.0001 111
0 3 MC S 0.216 <0.05 111
12 2 FL Y -  0.183 <0.05 132
12 2 FL S 0.098 0.285 132
12 2 MC Y 0.538 <0.0001 132
12 2 MC S 0.468 <0.0001 132
12 3 FL Y -0.043 0.646 114
12 3 FL S 0.038 0.685 114
12 3 MC Y 0.672 <0.0001 114
12 3 MC S 0.408 <0.0001 114
a significantly higher mineral content in regions 1-3 than 
yearling smolt sampled at transfer to seawater (Fig. 5A).
3.5. Mechanical properties o f  the vertebrae
Twelve weeks after transfer to seawater, the vertebral 
bodies of the underyearling smolt had a significantly 
lower yield-load and stiffness than those of the yearling 
smolt, and also than those of wild post-smolt sampled 
during their first summer at sea (Fig. 6A,B). Further­
more, the vertebrae of the wild post-smolt had a signif­
icantly higher degree of stiffness than those of the 
yearling smolt (Fig. 6B).
Significant correlations between the mechanical 
properties (stiffness and yield-load) and mineral con­
tent were found in underyearling smolt, with stron­
gest correlations 12 weeks after transfer to seawater 
(Table 1).
3.6. Vertebral deformities
The incidence of deformed vertebrae was significant­
ly higher in underyearling (0+) than yearling (1+) and 
wild (w) smolt, both at transfer/migration (0+ 1.5%, 1+ 
0%, w 0%, n = 870 vertebrae per group) and 12 weeks 
after transfer/migration to seawater (0+ 2.6%,1+ 0.3%, 
w 0%, n = 870 vertebrae in 0+ and 1+ smolt and 348 in 
w smolt). The deformities were located in all regions 
of the vertebral column and were manifested as verte-
bral body ankylosis, compression and dislocation 
(Fig. 7A-D).
3.7. Plasma analyses
Underyearling smolt had significantly higher 
plasma concentrations of total Ca and P six weeks
Fig. 7. Lateral radiographs of deformed vertebrae in underyearling 
smolt twelve weeks after transfer to seawater. (A) Vertebral 
compression and ankylosis in vertebrae numbers 1 and 2. (B) Vertebral 
ankylosis and compression in vertebrae numbers 20-25. (C) Vertebral 
compression and dislocation in vertebrae numbers 34-39. (D) 
Vertebral ankylosis and compression in vertebrae number 58 and the 
urostyl.
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Fig. 8. Mineral status (mean±S.E.) of the plasma from underyearling (n =15; 5 per tank) and yearling smolt (n = 15; 5 per tank) sampled six weeks
before transfer, at transfer, and six and twelve weeks after transfer to seawater. (A) Total Ca, (B) Ca2 
differences between groups within a sampling.
and (C) total P. denotes significant
before (Fig. 8A,C), total P at (Fig. 8C), Ca2+ and 
total P six weeks after (Fig. 8B,C), and Ca2+ twelve 
weeks after transfer to seawater (Fig. 8B) than year­
ling smolt.
4. Discussion
Field studies have shown that there is a higher inci­
dence of vertebral deformities among underyearling
than yearling smolt at harvest (Djupvik, 2005). In this 
chapter we discuss the influence of photoperiod and 
temperature on growth during smoltification and the 
early seawater phase and the age at smoltification 
in underyearling and yearling smolt, and how this 
influences on the growth pattern of the vertebral col­
umn, the growth and mineralisation of the vertebral 
bodies and the plasma concentration of calcium and 
phosphorous.
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4.1. Influence o f  temperature and photoperiod on growth 
during smoltification and the early seawater phase
In the present study the underyearling smolt were 
reared under higher temperature and longer daylength 
than the yearling smolt both during smoltification and the 
early seawater phase. This is in line with the practice in 
commercial farming. In Atlantic salmon, both increased 
temperature (Dwyer and Piper, 1987; Siemien and 
Carline, 1991; Solbakken et al., 1994; Bendiksen et al.,
2003) and continuous light (Saunders and Harmon, 1988; 
Krakenes et al., 1991; Hansen et al., 1992; Nordgarden 
et al., 2003) have been shown to increase growth rates. 
The underyearling smolt had a faster growth in length and 
higher weight gain than the yearling smolt during the last 
six weeks in freshwater and first six weeks in saltwater. 
Between six and twelve weeks after transfer to seawater, 
however, the underyearling and yearling smolt showed a 
decrease and increase in growth rates, respectively, and 
there were no differences in the growth in length and 
weight gain between the groups. During the last six weeks 
in freshwater, the underyearling smolt were reared under 
continuous light and a temperature decreasing from 13.8 
to 8.9 °C, whereas the yearling smolt had a temperature 
ranging between 3.7 and 6.6 °C and a daylength increas­
ing from 14.8 to 18.8 h. During the first six weeks in 
saltwater, the underyearling smolt were reared under 
continuous light and a temperature decreasing from 13.0 
to 11.4 °C, whereas the yearling smolt had an increase in 
daylength from 18.8 to 24 h and a temperature ranging 
between 7.3 and 7.9 °C. During the period between six 
and twelve weeks after transfer to seawater, the under­
yearling smolt were reared under continuous light and a 
temperature decreasing from 11.4 to 10 °C, whereas the 
yearling smolt had a decrease in daylength from 24 to 
19.6 h and an increase in temperature from 7.7 to 9.8 °C. 
Thus, the decrease and increase in growth rates in the 
underyearling and yearling smolt during the period bet­
ween six and twelve weeks after transfer to seawater are 
most probably related to the rearing temperature.
4.2. Parr-smolt transformation induces an increase in 
longitudinal growth in the caudal region o f  the verte­
bral column
Underyearling and yearling smolt displayed similar 
patterns of regional growth between the trunkal and 
caudal regions of the vertebral column during the parr- 
smolt transformation. Thus, the use of a shortened pho­
toperiod in the production of underyearling smolt seems 
to involve a normal pattern of longitudinal growth of the 
vertebrae at this stage of development.
Furthermore, the vertebrae of the trunk and tail also 
display different growth rates in response to photoperiod 
in underyearling post-smolt of Atlantic salmon (Fjelldal 
et al., 2005a).
The mechanisms that induce regional differences in 
the longitudinal growth between trunkal and caudal 
vertebrae have not been identified. However, the trunk 
and tail have different embryonic origins. During the 
blastophore stage, the head and trunk originate from the 
Spemann organiser, while the tail originates through the 
combined action of tail and Spemann organisers (Gilbert 
and Saxen, 1993; Kiecher andNiehrs, 2001; Agathon et 
al., 2003). These distinct developmental differences may 
contribute to the creation of differences between the 
trunkal and caudal vertebral bone (cells), which may 
favour differential growth rates between these regions 
later in life, as observed in this study. Such differences 
may involve differential responses to hormonal (endo­
crine or paracrine) signals, via differential receptor ex­
pression or autocrine responses.
4.3. Rapid growth in length may disturb the normal 
development o f  the vertebral bodies
The underyearling smolt grew more rapidly in length 
during both the freshwater period and the early seawater 
phase, and went through smoltification and reached the 
same size as the yearling smolt, seven months earlier. 
Vertebrae of underyearling smolt had a lower mineral 
content, yield-load and stiffness, and a higher incidence of 
deformities than those of yearling smolt. In line with our 
findings, rapid growth coincided with a reduction in the 
mineral content and yield-load of the vertebrae in under­
yearling post-smolt of Atlantic salmon (Fjelldal et al., 
2005a), and a reduction in the yield-load and stiffness of 
the tibiotarsal bone in chickens (Leterrier andNys, 1992). 
Furthermore, yearling smolt that grow rapidly in length 
during the parr-smolt transformation are at higher risk of 
developing compressed vertebrae in the caudal region 
during the seawater phase (Fjelldal et al., 2005b). The 
vertebral deformities in underyearling smolt were vertebral 
body ankylosis, compression and dislocation. Vertebral 
dislocation has been found in pinealectomised Atlantic 
salmon, and is most probably associated with damage or 
rupture of the intervertebral ligaments (Fjelldal et al.,
2004). Vertebral ankylosis has been found in pine- 
alectomised Atlantic salmon (Fjelldal et al., 2004) and 
Atlantic salmon exposed to heat-shock during egg 
incubation (Wargelius et al., 2005), and reflects the fusion 
of two or more vertebrae. Vertebral compression is the type 
of vertebral deformity that causes most down-grading at 
harvest in the culture of Atlantic salmon. A compressed
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vertebrae seem to have a normal pattern of longitudinal 
growth until it reaches a certain size, thereafter the 
longitudinal growth stops and the vertebrae develops a 
compressed morphology (Berg et al., 2006; Witten et al., 
2005).
This study shows significant correlations between the 
mineral content and mechanical properties of the verte­
brae. The teleost vertebral body is specialised, with an 
architecture that makes it strong enough to withstand 
cranial-caudal compression produced by the lateral mus­
cle using minimal bone mass to reduce negative buoyancy 
(Casadevall et al., 1990). The specialised architecture of 
the vertebra may make it vulnerable to alternations in 
bone composition, such as changes in mineral content. 
The vertebral body of Atlantic salmon consists of a 
biconoid amphicoelous core of compact bone surrounded 
by trabecular bone, and most of the deposition of new 
bone takes place at the cranial and caudal rims of the 
amphicoel and the distal ridges ofthe trabeculae (Nordvik 
et al., 2005). During bone growth the organic matrix is 
first formed as osteoid, and subsequently mineralises 
(Meunier, 2002). The time-lag between osteoid deposi­
tion and mineralisation may thus rise during periods of 
rapid growth in length. Reduced mineralisation within the 
growth-zones, especially at the rims of the amphicoel, 
may affect the quality ofthe vertebral column, such as the 
mechanical properties of the vertebrae.
However, the low mineral content of the vertebral 
bodies in the underyearling smolt may also have been a 
result of increased bone resorption by osteoclasts. If so, 
resorption was probably of a halastasic sort, i.e. pure 
demineralisation of bone without degradation of matrix 
(Kacem et al., 2000). Since no osteoclasts have been 
detected within the vertebral bodies of teleosts (Witten 
and Villwock, 1997), bone remodelling does not seem 
to play a major role in their growth (Nordvik et al.,
2005). In Atlantic salmon, however, further studies are 
needed to clarify these processes during the parr-smolt 
transformation.
A low ratio of the length of the vertebrae to its dorso- 
ventral diameter associated with a low mineral content 
and a soft bone structure as observed in this study has 
also been observed in pinealectomised Atlantic salmon 
(Fjelldal et al., 2004). This may reflect compressive 
deformations of the growth zones along the cranial- 
caudal axis, induced by the lateral muscle, or compen­
sation for reduced mechanical strength related to low 
mineralisation. Alternatively, it may reflect unbalanced 
growth between the compact and trabecular bone of the 
vertebrae (Nordvik et al., 2005), which have different 
embryonic origins (Grotmol et al., 2003), differ in oste- 
ocyte content and collagen matrix organization, and are
formed by two distinct osteoblast populations (Nordvik 
et al., 2005). Interestingly, two distinct bone-derived cell 
lines have been obtained from the vertebrae of the sea 
bream (Pombinho et al., 2004), which again may reflect 
the presence of two sub-types of osteoblasts within the 
teleost vertebra, one perhaps belonging to the compact 
bone and the other to the trabecular bone. Differential 
regulation of such sub-types of osteoblasts may affect the 
dimensional proportions of the vertebrae during growth, 
as has been observed during late ontogeny in Atlantic 
salmon (Fjelldal et al., 2004, 2005a,b; Witten et al.,
2005).
4.4. Age at smoltification may affect vertebral bone 
mineralisation during the early seawater phase
The age at smoltification may determine how well the 
vertebral column is adapted for rapid growth in length 
during the early seawater phase. Underyearling, yearling 
and wild smolt all had a clear decrease in the vertebral 
mineral content during the early seawater phase. 
However, the mineral content was highest in wild smolt 
at transfer/migration to seawater, and higher in yearling 
than underyearling smolt. Furthermore, underyearling 
smolt sampled twelve weeks after transfer to seawater had 
a significantly higher dorso-ventral diameter of the 
vertebrae and incidence of vertebral deformities than 
yearling smolt sampled twelve weeks after transfer to 
seawater and wild smolt sampled during their first sum­
mer at sea. Thus, we suggest that if the mineral content is 
too low at transfer to seawater, the mineral content may 
drop below a critical level during the early seawater phase, 
which may influence on the morphology of the vertebrae 
and increase the risk for the development of vertebral 
deformities. Whether the drop in vertebral mineral content 
during the early seawater phase may be related to an 
increased time-lag between osteoid deposition and 
mineralisation during rapid growth in length, or physio­
logical changes related to smoltification, remains to be 
elucidated.
The wild salmon caught during their first summer at 
sea were three years old and 29 cm long. Wild Atlantic 
salmon leave their home river in the spring, at an age of 
1-6 year and a length of 12-15 cm (Metcalfe and 
Thorpe, 1990). Thus, if these individuals migrated to sea 
in mid-May, such as the seaward migrating wild smolt in 
the present study, at a length of 15 cm, the growth in 
length during the early seawater phase has been approx­
imately 1.6 mm per day, which is higher than the growth 
rate of farmed salmon in the equivalent period after 
transfer to seawater. However, the wild smolt caught 
during their first summer at sea had a significantly
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higher stiffness and mineral content of the vertebrae 
than underyearling and yearling smolt sampled twelve 
weeks after transfer to seawater. Taken together, our 
results may suggest that the growth rate in freshwater 
and age at smoltification, which is influenced by photo­
period and temperature, affects the mineral content of 
vertebral bone, and thus the quality of the vertebral 
column. This implies in turn that the vertebral columns 
of yearling smolt are better adapted for rapid growth in 
length during the early seawater phase than those of 
underyearling smolt.
4.5. Rapid growth coincided with high concentrations 
o f plasma Ca and P
Underyearling smolt had higher plasma concentra­
tions of total Ca and P, and Ca2+ than yearling smolt. This 
may reflect a high degree of bone remodelling in under­
yearling smolt. Bone remodelling is active in skeletal 
elements where growth requires bone resorption (Witten 
and Villwock, 1997; Witten et al., 2000; Witten et al., 
2001), e.g. the haemal arch that has an opening that must 
be enlarged to fit the neural tube during growth. The 
majority of the bones of the teleost skeleton need to 
change their form, and thus remodel during growth.
The low mechanical strength and mineral content in 
the vertebrae of underyearling smolt are not likely 
caused by a low access of minerals, as the concentrations 
of plasma Ca and P were highest in this group. Thus, the 
development of a low mechanical strength and mineral 
content in the underyearling smolt vertebrae is more 
likely linked to an increased time-lag between osteoid 
deposition and mineralisation during rapid growth.
5. Concluding remarks
From our results we suggest that the higher incidence 
of vertebral deformities in underyearling smolt may be 
related to a lower mineralisation and mechanical strength 
of their vertebral bodies, factors that may be influenced 
by growth rate and age at smoltification. In the present 
study high growth rates in underyearling smolt during 
smoltification and the early seawater phase were related 
to long daylengths and high temperatures. Underyear­
ling, yearling and wild smolt all had a clear drop in the 
vertebral mineral content during the early seawater phase. 
Based on the results we suggest that if the vertebral 
mineral content is too low at transfer to seawater, such as 
in fast growing underyearling smolt, it may drop below a 
critical level during the early seawater phase, which may 
increase the risk for the development of vertebral defor­
mities. Taken together, the knowledge represented herein
may be used in commercial farming to develop a pro­
duction regime for underyearling smolt that increases the 
age at smoltification and thus reduces the temperature 
during smoltification and the growth rate in freshwater, 
and reduces the daylength and temperature at transfer to 
seawater and during the early seawater phase.
However, experimental studies are needed to examine 
the influence of temperature and photoperiod on the 
growth and mineralisation of the vertebral column dur­
ing smoltification and the early seawater phase in under­
yearling smolt of Atlantic salmon, in order to reduce the 
prevalence of vertebral deformities in the future.
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